The effect of hypoxemia and cephalic hy potension, alone and in combination, on hemispherical CBF and metabolism was examined in seven chronically catheterized fetal sheep. Hypoxemia was induced by low ering the maternal inspired oxygen fraction and cephalic hypotension was generated by partial occlusion of the fetal brachiocephalic artery. CBF was measured with ra dionuclide-labeled microspheres. During control, the ar terial blood oxygen content (Cao2) was 3.2 ± 1.0 (SO) mM and CBF averaged 131 ± 21 (SO) ml min -I 100 g -I.
100 g). During combined hypoxemia and hypotension (Cao2 = 1.5 ± 0.8 mM and PP = 18 ± 4 mm Hg), CBF was significantly greater than during hypotension alone (l00 ± 6 ml min-I 100 g). CVR was 0. 19 ± 0.05 mm Hg ml-I min 100 g, identical to that measured in normoten sive hypoxemia and significantly less than found during hypotension alone. Cerebral oxygen consumption was lower during combined hypoxemia and cephalic hypoten sion than during hypoxemia alone. Cerebral glucose up take was significantly higher than control in both the hypoxemic and combined hypoxemic-hypotensive condi tions. The glucose:oxygen quotient (6 x molar glucose uptake/molar oxygen consumption) was not different from unity during control or hypotension but was 2.31 ± 1.16 and 3.63 ± 1.99 during the hypoxemic and hypox emic-hypotensive conditions, respectively, suggesting an anaerobic glucose utilization. No significant lactate efflux could be measured in any of these conditions. Key Words: Sheep-fetus-Hypoxic ischemia-Oxygen uptake Glucose utilization. sion have been implicated to cause fetal brain dam age (Ting et aI. , 1983) . A better understanding of the factors that control CBF and limit cerebral metab olism during combined hypoxemia and hypotension will help define the conditions that damage the de veloping brain in utero.
Previous studies have shown that during acutely induced cephalic hypotension, fetal sheep CBF fell in proportion to perfusion pressure (PP) (Chao et aI. , 1989a; Hohimer and Bissonnette, 1989) with no change in cerebral vascular resistance (CVR). In normally oxygenated fetal sheep, cerebral oxygen consumption (CMR02) was maintained with PPs of 20 mm Hg (50% of the normal 40 mm Hg of PP) (Hohimer and Bissonnette, 1989) but not severe (75%) (Chao et aI., 1989a) reductions in PP and CBF. We wanted to evaluate the effect of cephalic hypotension in combination with hypoxemia on CBF, CVR, and cerebral oxygen and carbohydrate metabolism. Specifically, we sought to investigate whether CBF would be greater and CVR lower dur ing combined hypoxemia and hypotension than dur ing hypotension alone. Additionally, we wished to determine if during combined hypoxemia and hy potension the fetal brain would shift towards anaer obic metabolism.
METHODS

Surgical procedures
Fetuses were prepared for study at least 4 days prior to the initiation of any experiment. The ewes were given a short-acting barbiturate (thiamylal sodium, 5 mg kg -I i. v. ) to allow intubation and then anesthesia was main tained with 1 % halothane in a 50% nitrous oxide/50% O2 mixture and positive-pressure ventilation. Using sterile technique, the uterus was exposed and opened through a lower abdominal midline incision. Polyvinyl catheters were inserted into both axillary arteries and advanced until their tips were in or near the brachiocephalic artery. A catheter was also placed in a hindlimb vein. A trephine was used to remove a small piece of the skull and expose the sagittal sinus midway between where the coronal and lambdoidal sutures intersect the sagittal suture. The dor sal wall of the sinus was punctured with a sharp needle and a polyvinyl catheter was nonocclusively inserted and advanced caudally until the tip lay at or near the conflu ens sinum as confirmed at autopsy. A catheter with mul tiple side holes was attached to the fetal skin to provide contact to the amniotic fluid. Supradural stainless steel wire electrodes (Cooner Corp., Chatsworth, CA, U. S.A.) were placed through I-mm diameter holes drilled bilater ally I cm lateral to the junction of the lambdoidal and sagittal sutures. A left lateral thoracotomy was performed to allow placement of an inflatable occluder (In Vivo Met rics, Healdsberg, CA, U. S. A. ) around the brachiocephal ic artery, which in this species supplies both forelimbs and the brain.
The vascular catheters were filled with heparinized sa line and sealed. The catheters, the occluder inflation tubes, and the wires were routed through the uterus and the ewe's abdominal wall and tunneled subcutaneously to the maternal flank and kept in a nylon pouch secured to the skin. All fetal incisions, the uterus, and abdomen were closed and I million units of penicillin G were de posited into the amniotic fluid via the amniotic fluid cath eter. The ewe was returned to a large pen where food and water were available ad libitum.
Physiological measurements
On the day of the experiment, the ewes were trans ferred into a small mobile cage and loosely tethered at the neck to prevent turning. At the time of the experiments, fetal gestational ages ranged between 125 and 138 days. The arterial, sagittal vein, and amniotic fluid catheters were connected to strain gauges that had been calibrated with mercury manometers; pressure recordings were made on a strip-chart recorder (Beckman R611, Beckman Instruments, Schiller Park, IL, U. S.A.). Arterial pres-J Cereb Blood Flow Metab. Vol. 11, No.1, 1991 sures were electronically averaged (0.3 Hz low-pass fil ter, Beckman type 9853A coupler). PP was calculated as the difference between cephalic arterial pressure and sag ittal venous pressure. The fetal EEG was amplified and passed through a passive 0.53 to 30 Hz band-pass filter and displayed on the chart recorder.
Cerebral blood flow measurements
Regional CBF was measured using radionuclide labeled micro spheres and the reference sample technique (Heymann et aI. , 1977) . For each blood flow determina tion, a well-dispersed suspension (6% dextran) containing � 1.5 x 106 microspheres (15 f-Lm diameter) labeled with one of five different nuclides C41Ce 51Cr 85Sr 95Nb or 46SC) was injected over about 30 s i�to th� hindlimb ;ein catheter and followed by a saline flush. The reference sample was drawn from an axillary artery catheter with a syringe pump at a rate slightly greater than 2 ml min -I beginning before and continuing for 2.5 min after the mi crospheres had been injected. At the completion of the experiment, the ewe and fetus were killed by means of an intravenous injection of barbiturate. The fetal whole body wet weights averaged 4.2 ± 0. 9 (SD) kg. The fetal brain was removed from the cranium and weighed and dis sected into the following regions: left and right hemi spheres, subcortical structures (thalamus, epithalamus, hypothalamus, corpus striatum, and midbrain), cerebel lum, pons, medulla, and cervical spinal cord. These tis sues were weighed separately and counted for radioactive activity (Packard Instruments and Nuclear Data Multi channel Analyzer, Model 601, Schaumberg, IL, U.S.A.) as were the reference samples.
Blood sampling and analysis
Arterial and sagittal venous blood samples were drawn anaerobically after carefully clearing the catheter dead space. Blood gas and pH determinations were made at 39°C using standard electrodes and methods (Radiometer, Model 3BGS, Copenhagen, Denmark). Arterial blood ox ygen content (Cao2) and sagittal venous blood oxygen count (Csvo2) were measured with a Lex-02-Con (Lex ington Instruments, Waltham, MA, U. S. A.). Blood glu cose and lactate concentrations were measured in dupli cate in frozen-thawed whole blood using glucose oxi dase-H202 and lactate oxidase-H202 methods (YSI 23A Glucose Analyzer, Yellow Springs Instruments, Yellow Springs, OH, U.S.A.). Cell disruption was necessary be cause fetal blood erythrocyte substrate transport may be high enough that red blood cell cytosol glucose concen trations change during the passage through the cerebral microvasculature (Fuglsang et aI., 1986) . The instrument was calibrated daily with standard solutions. Intrarepli cate reproducibility was within 4%.
Experimental design
Each fetus was studied in four randomly ordered con ditions: control, hypoxemia, cephalic hypotension, and combined hypoxemia and hypotension. Blood flow mea surements preceded by arterial and sagittal venous blood samples were made 4 to 5 min after the initiation of each of these conditions. The measurements were not prospec tively linked to any EEG sleep-arousal pattern. At least 45 min was allowed in a normoxic normotensive state between each experimental measurement.
Fetal hypoxemia was induced by reducing the inspired oxygen fraction of the ewe. This was accomplished by loosely placing a clear plastic bag over the sheep's head and perfusing the bag with approximately 20 L min -I of gas. The composition of the gas was either air or approx imately 12-13% O2 and 2-3% CO2, with the balance being nitrogen. Fetal cephalic hypotension was induced by par tial inflation of the brachiocephalic artery occluder. In some of the animals, this was done manually while in others a computer controlled a pump that inflated or de flated the occluder to achieve a predetermined PP.
Calculations and statistical analysis
CMR02 was calculated as the product of the arteriove nous oxygen content difference and CBF (hemispherical) and cerebral oxygen delivery (OD) as the product of CBF and Cao2• CVR was calculated by dividing the PP by CBF. The glucose:oxygen quotient was calculated as six times the molar uptake of glucose relative to oxygen. The paired Student's t test was used for prospectively deter mined inference tests. When unplanned differences were suggested by the data, differences were evaluated with analysis of variance for repeated measures and, unless otherwise noted, a p < 0.05 overall between-treatment difference was required before post hoc inference testing was employed again using a paired t test.
RESULTS
Fetal arterial and sagittal venous blood gas ten sions, pH, and glucose and lactate levels during control, hypoxemia, cephalic hypotension, and dur ing combined hypoxemia and hypotension are re ported in Table 1 . Pao2 and Cao2 were lower in both the hypoxemic and combined hypoxemia-hypo tension conditions than during the control and ceph alic hypotension conditions. Hypoxemia and com bined hypoxemia and hypotension were associated with similar and significantly lower Psvo2 and Csvo2 than during control; cephalic hypotension alone produced intermediate values different both from control and the other two conditions. No sig nificant differences in Paco2, Psvco2, pHa, or pHsv were detected. The arterial blood glucose concen tration was on average higher in the combined hypoxemia-hypotension condition (although analy sis of variance did not allow range tests). Sagittal venous blood glucose levels were lower in the com bined hypoxemia-hypotension condition than in the other three states. Arterial and venous blood lactate concentrations were elevated during both hypox emia alone and with the combined hypoxemia hypotension.
The arteriovenous difference for oxygen was nearly doubled in the cephalic hypotensive condi tion compared to the other conditions. The arterio venous blood concentration difference for glucose was greater than control in all three experimental states, with the combined hypoxemia-hypotension condition being significantly greater than the other two. No differences were found in the arteriove nous difference for lactate nor were any of these differences significantly different from zero. Table 2 contains data on average PP, CBF (hemi spherical), and CVR during these same four condi tions. PP was not different from control during hyp oxemia and fell by about 50% in both normoxic and hypoxic cephalic hypotension. Hemispheric blood flow was greater than control during hypoxemia and less than control with hypotension. Hypoxemia was associated with a significant fall in CVR while the decrease in CVR with cephalic hypotension was not significant at the p � 0.05 level. The CVR during combined hypoxemia-hypotension was identical to that during hypoxemia alone, both being less than control CVR. Table 3 reports the regional blood flows during control, hypoxemia, hypotension, and combined hypoxemia-hypotension, which in gen eral displayed changes that paralleled those seen in Means ± SD. Conditions that do not share the same superscripted letter are significantly different at the p ,;; 0.05 level. N = 7 except for parameters involving sagittal-venous blood samples in the combined condition, where N = 6. Conditions that do not share the same superscripted letter are significantly different at the p "" 0.05 level.
the hemispheres. Blood flows to all regions except the cerebellum were significantly higher during combined hypoxemia and cephalic hypotension than during hypotension alone. As shown in Table 4 , the cerebral OD was de creased below control levels in all three experimen tal conditions. During the combined insult, the CMR02 was lower than the other three conditions and was significantly lower than the CMR02 mea sured during hypoxemia (p < 0.03). The oxygen extraction was greater than control in all three con ditions. The glucose:oxygen quotient was signifi cantly greater than unity during hypoxemia and even somewhat higher during the combined hypox emia-hypotension. No significant lactate arteriove nous difference could be detected under any condi tion.
Visual analysis of the fetal EEG showed every animal to be cycling between the high-and low voltage EEG state. The control measurements were made during the high-voltage EEG state in five of the seven animals. We found no consistent alter ation of the EEG pattern with induced hypoxemia or hypotension. In two of the animals, the com bined hypoxemia-hypotension appeared to dimin ish the peak amplitude of the EEG below the level seen in the "low-voltage" epochs of the control pe riod and this apparent diminution was immediately reversed after the release of the cephalic occlusion.
DISCUSSION
We found that in the late gestation fetal sheep, CBF was greater and CVR lower during combined hypoxemia and cephalic hypotension than during normoxemic hypotension. Similar results, albeit at considerably higher absolute pressure levels, have been found in the adult dog (Haggendahl and Jo hansson, 1965) , where either severe hypoxemia or hypercarbia could elicit a lower CVR at any PP than was found under normoxic eucapnic conditions. The exact site and mechanism of this vasomotor control remains unclear.
During conditions of arterial hypoxemia, fetal ce rebral vasodilation and the subsequent increase in blood flow minimize the fall in OD. Fetal CVR can decrease by more than 50% during hypoxemic hyp oxia (Jones et aI., 1978; Ashwal et aI., 1984) or ane mic hypoxia (Bissonnette and Hohimer, 1987) when mean arterial blood pressure (MABP) is elevated or normal. In contrast, the fetal sheep appears to have a relative inability to vasodilate in response to a fall in arterial blood pressure in order to maintain CBF. CBF in the hypoxemic fetal sheep is certainly de pendent on PP (Johnson et aI., 1979; Lou et ai., 1979; Tweed et ai., 1983) with decreases in CBF that are proportional to the fall in PP. However, even in normoxic fetuses, many investigators (Purves and James, 1969; Tweed et ai., 1983; Papile et aI., 1985; Hohimer and Bissonnette, 1989) have found that reductions in fetal MABP below normal levels of about 40 mm Hg cause decreases in fetal CBF, indicating that the fetal sheep is normally op erating at or near the lower limit of its autoregula tory ability. Our current data during hypotension are very similar and further demonstrate that the late gestation fetal sheep has a very limited ability to auto regulate CBF in the face of hypotension. 
CMR02 (fLmol min-1 100 g-l)
Oxygen extraction 0.32 ± 0.07a
Lactate uptake (fLmol min -I 100 g-I)
Glucose uptake (fLmol min-1 100 g-l)
19.8 ± 9.6a
G1ucose:oxygen quotient 0.91 ± 0.33a
Means ± SD. Conditions that do not share the same superscripted letter are significantly different at the p "" 0.05 level. N = 7 except for parameters involving sagittal venous blood samples in the combined condition, where N = 6.
In the hypoxemic condition, the fetal cerebral cir culation appears to be maximally dilated and CVR cannot fall further in response to decreases in PP. The CVR we measured was comparable to the lev els previously seen in hypoxic hypoxia (Jones et aI., 1978) or anemic hypoxia (Bissonnette and Hohimer, 1987) when PP was at or above control. It is less clear why the normoxic fetus is unable to vasodilate further to minimize the decrement in CBF during hypotension, but it appears that cephalic hypoten sion alone does not provide sufficient stimulus to achieve the degree of vasodilation that can be reached during severe hypoxemia.
It seems reasonable to consider arterial blood ox ygen tension and tissue oxygen tension as physio logical variables that are sensed during hypoxemia or hypotension and subsequently stimulate cerebral vasodilation (Rosenberg et aI., 1986) . By definition, during normoxic hypotension, Pao2 would not be altered as it is in hypoxemic hypoxia. If a fall in Pao2 was a necessary stimulus for maximal dilation, this might explain why hypoxemia but not hypoten sion could elicit minimal values of CVR (0.2 mm Hg ml-1 min 100 g). Our finding of vasodilation with fetal anemia (Bissonnette and Hohimer, 1987) ar gues against an important Pao2-linked mechanism; however, in that study, the significance of the low ered blood viscosity associated with the decreased hematocrit on the observed fall in CVR was not determined. The current studies do not address the relative roles of arterial blood vs. tissue oxygen ation as a regulator of CVR since the vasodilation seen in hypoxemia and combined hypoxemia and hypotension occurred with comparable decreases in both Pao2 and PSV02'
The normoxemic sheep fetus is also capable of maintaining CMR02 even in the face of major re strictions in oxygenation. During severe arterial hypoxemia, CMR02 can be maintained by vasodi lation and increased CBF (Jones et aI., 1977 (Jones et aI., , 1978 , while during reductions in PP, the CMR02 is main-tained by increased extraction (Hohimer and Bis sonnette, 1989) . These adaptations are confirmed in this current study. As noted by Gleason et ai. (1989) , the late gestation sheep fetus, unlike the rat or dog fetus, which is less neurologically developed at birth, has a CMR02 that is comparable to the adult (Jones and Traystman, 1984) and is associated with a relatively high CBF and OD and a low oxy gen extraction. It would appear that the restricted OD during the combined hypoxemic, cephalic hy potensive condition did limit CMR02 since the CMR02 was lowest during that condition and was significantly lower than during hypoxemia alone.
Our finding of an elevated cerebral glucose up take during hypoxemia, hypotension, and particu larly in the combined hypoxemia-hypotension con dition suggests that the fetal sheep brain in hypoxic conditions anaerobically metabolizes glucose to lac tate. This result is consistent with our previous find ing during severe ischemia (Chao et ai., 1989a) and with the report of Blomstrand et ai. (1984) during prolonged hypoxemia. The increase in glucose up take coupled with a possible fall in the oxygen up take led to glucose:oxygen quotients that are con siderably above unity. Anaerobic glycolysis and lactate production seem to be the only likely fate for this unoxidized glucose. Under normoxic condi tions, the cerebral hemispheres of the late gestation fetal sheep consumes glucose at or near the 6: 1 mo lar ratio with oxygen, giving a glucose:oxygen quo tient not distinguishable from unity (Makowski et aI., 1972; Jones, 1979) . This suggested that glucose was the primary substrate for oxidative metabolism and that the majority of this glucose was being ox idized. More recent measurements have shown that in normoxic fetal sheep, CBF and metabolism are modulated by its electroencephalographic ally de fined sleep-arousal state (Clapp, 1980; Richardson et aI., 1985b; Chao et aI., 1989b) , with a small amount of anaerobic glucose metabolism appearing during the more metabolically active, low-voltage state. It also seems that more immature sheep fetuses studied be fore the development of distinguishable EEG arousal states consume glucose in excess of what can be ox idized and excrete lactate (Gleason et al., 1989) .
If lactate is being produced by the fetal sheep brain during hypoxemia and hypotension, we might expect to see a lactate efflux as we have reported for severe cephalic hypotension (Chao et al., 1989a) . During combined hypoxemia and hypoten sion, there was on average a lactate efflux but it was not significant. This may be because of the meth odological difficulties in measuring lactate arterio venous differences across a vascular bed that has a relatively high blood flow. It may also be that there is no net flux of lactate because both brain and blood lactate levels are increasing during this brief period of hypoxia and upper body hypotension so that there was actually no brain to blood gradient for lactate. Whatever the reason, measurements of lactate efflux from perinatal brain during systemic hypoxemia or hypotension have often not been de monstrable (Thiringer et al., 1982; Labtook et al., 1987) .
The permeability of the late gestation fetal sheep blood-brain barrier may be very low for lactate. There appears to be a facilitated transport system for lactate in adult rats (Oldendorf, 1973; Cremer et al., 1976 Cremer et al., , 1979 but this has been less reproducibly demonstrated in adult dogs (Crone and Sorensen, 1970; Nemoto et al., 1974) . Studies have suggested that the fetus or newborn rodent may actually have an increased capacity for lactate transport across the blood-brain barrier (Cremer et aI., 1976) in some neonatal species but we could not find evi dence for such a capacity in the fetal sheep (unpub lished observations) using venous outflow indicator dilution methodology.
Our data showing very low sagittal venous blood glucose concentrations support the finding of Wag ner et al. (1986) in that glucose levels in brain tissue fall during combined hypoxemia and hypotension. The remaining blood-borne glucose supply and the cerebral glucose transport properties as well as the initial glucose, glycogen, and fructose reserves (and the duration of the insult) will collectively modulate lactate levels in the fetal sheep brain during hypox emic hypotension.
In summary, the late gestation fetal sheep brain does not maximally vasodilate in response to hy potension. CBF is higher during combined hypox emia and hypotension than during hypotension alone. During hypoxemia and especially during combined hypoxemia and hypotension, glucose up take exceeds that which could be oxidized, suggest ing anaerobic cerebral metabolism.
